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Abstract 

The available differentiating tests for Chlamydia are based on detection of genetic material and only give information 
about the actual infection status, but reveal nothing of past infections. As the use of serological methods increases 
the window of detection, the goal of this study was to investigate if it is possible to develop a differentiating serologi‑
cal test for antibodies against Chlamydia species in chicken sera. Focus was on C. psittaci, C. gallinacea, and two closely 
related species, i.e. C. abortus and C. avium. To enable differentiating serology, a bead‑based Luminex suspension array 
was constructed, using peptides as antigens, derived from known immunoreactive Chlamydia proteins. For the major‑
ity of these peptides, species‑specific seroreactivity in mammalian sera has been reported in literature. The suspen‑
sion array correctly identified antibodies against various Chlamydia species in sera from experimentally infected mice, 
and was also able to differentiate between antibodies against C. psittaci and C. gallinacea in sera from experimentally 
infected chickens. In field sera, signals were difficult to interpret as insufficient sera from experimentally infected 
chickens were available for evaluating the seroreactivity of all peptides. Nevertheless, results of the suspension array 
with field sera are supported by published data on the occurrence of C. gallinacea in Dutch layers, thereby demon‑
strating the proof of concept of multiplex serology for Chlamydial species in poultry.
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Introduction
Chlamydia is an expanding genus of Gram-negative obli-
gate intracellular bacteria, currently containing 14 differ-
ent species [1], of which some were discovered only in the 
last decade [2], and with proposed new species pending 
[3]. Each species has a preferred host or host range, and 

many cannot only cause disease in their preferred hosts, 
but also have zoonotic potential [4]. The most infamous 
zoonotic species is Chlamydia psittaci, which has been 
detected in hundreds of bird species [5] including poul-
try [6]. In birds, C. psittaci infections can result in mild 
to severe disease, depending on the avian species and the 
Chlamydia strain, whereas an infection in humans can 
lead to severe pneumonia, i.e. psittacosis [7].

In the past, C. psittaci was considered the main Chla-
mydia species in poultry, including chickens [6–8]. 
More recent observations indicate that in chickens 
Chlamydia gallinacea is the most prevalent Chlamydia 
species [9–11]. Apart from a reduction in weight gain, 
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infections with C. gallinacea are asymptomatic [9]. 
Conclusive evidence for zoonotic potential has not 
been presented yet, but cases of atypical pneumonia in 
slaughterhouse personnel coinciding with the occur-
rence of C. gallinacea have been reported [12].

Since C. gallinacea and C. psittaci can infect chick-
ens and are likely to differ in epidemiology and 
zoonotic potential, it is important to have diagnostic 
tools available that allow detection of, and distinction 
between, these two species, both from a public health 
perspective as from an economic point of view. Cur-
rent discriminatory tests rely completely on molecular 
methods [13] and only give information about the pre-
sent infection status of animals. Discriminatory serol-
ogy, however, will have added value as serology is a very 
easy way of monitoring (past) occurrence of any patho-
gen in animal production chains. At the time of writing, 
for Chlamydia serology in birds only a non-discrimina-
tory ELISA is available [13, 14].

The goal of this study is to investigate if it is possible 
to develop a serological test that, in chicken serum, can 
differentiate between antibodies against different Chla-
mydia species, particularly C. psittaci and C. gallinacea, 
using peptides as antigens. Sequences of Chlamydia-
derived peptides are available from the literature: a 
considerable number of sequences have been identi-
fied through comprehensive bio-informatics and subse-
quent screening with sera from infected mice [15, 16]. 
A subset of these peptides has successfully been used in 
arrays to differentiate between antibodies against vari-
ous Chlamydia species in multiple mammalian hosts 
[17]. In the current study, we investigated whether 
peptides that have been used as antigens in mamma-
lian serology also allow detection and differentiation of 
antibodies against Chlamydia species in chicken sera. 
To this end, a multiplex assay for antibody detection in 
chicken sera was developed, using Chlamydia-derived 
peptides as antigens in a Luminex suspension array, 
analogous to earlier work on detection of antibod-
ies against (other) pathogens in sera from poultry and 
swine [18–20]. Here, protocols for peptide-based mul-
tiplex serology in chicken sera are given, including the 
use of serum-specific cutoffs for normalization, based 
on an internal control. Results obtained with sera from 
experimentally infected mice and chickens and with 
chicken sera from various types of farms, are discussed 
in detail. The proof of concept multiplex suspension 
array for antibodies against Chlamydial species in poul-
try correctly identifies Chlamydia antibodies in sera 
from experimentally infected animals, and observations 
in field samples are supported by published data on the 
occurrence of C. gallinacea in Dutch layers.

Materials and methods
Sera
Pooled sera from mice infected with different Chla-
mydia species [15, 16] were donated by Bernhard Kalten-
boeck (Auburn University, Alabama, USA) and shipped 
by Christiane Schnee (Friedrich-Loeffler-Institut, Jena, 
Germany).

Sera from chickens experimentally infected with C. 
gallinacea or C. psittaci were available from various in-
house experiments. From a published experimental 
infection with C. gallinacea NL_G47 [21, 22], sera were 
used from day 0, 14, 28, and 35 after oral inoculation 
of 5-week-old PCR-negative chickens (n = 8). From an 
unpublished experimental infection with C. psittaci 6BC, 
sera were available from day 0, 14, and 21 after exposure, 
and PCR data was available from day 4 (throat and clo-
aca swabs) and day 21 (airsacs, lungs and spleens) after 
exposure. This experiment was performed in essence as 
described elsewhere [23]. In short, 6-week-old SPF laying 
hens were placed for 1 h in an insulator in which 10 mL 
of a suspension with live C. psittaci 6BC  (106  TCID50 per 
mL) was sprayed with a nebulizer. After infection, chick-
ens were held in an open pen on sawdust bedding.

From a collection of ca. 2400 field sera from 2015, 
originating from the Dutch program for avian influenza 
monitoring performed by Royal GD, 120 sera from six 
farms were selected for testing. The collection contained 
20 sera per farm, of which two farms of each of three 
types of farms, i.e. with conventional layers, free range 
layers, or broilers, were taken. The farms were selected 
simply by order of appearance in the collection, so the 
first appearing two serum sets from each farm type were 
picked.

Antigens
For ELISA, two commercially available antigens were 
used, i.e. C. abortus and Chlamydia trachomatis isolated 
from elementary and reticular bodies, inactivated by heat 
treatment and sonication (Virion/Serion, Würzburg, 
Germany).

For the suspension array, peptides were used as anti-
gens. Peptide sequences derived from Chlamydia species 
that are relevant for poultry (C. psittaci and C. gallina-
cea) and from two genetically closely related species 
(resp. Chlamydia abortus and Chlamydia avium) were 
taken from literature. A selection was made based on sig-
nal strength and specificity as described [15–17]. In addi-
tion, for two published C. gallinacea-derived peptides, 
corresponding peptide sequences from two Dutch field 
isolates, NL_G47 and NL_F725 [24], were selected. All 
peptide sequences are listed in Table 1. Peptides ranging 
from 16 to 40 amino acids were synthesized on 50 µmol 
scale and pHPLC purified (Pepscan, Lelystad, The 
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Netherlands). The peptides contained an N-terminal bio-
tine separated from the peptide moiety by a spacer, con-
sisting of five units of 8-amino-3,6-dioxaoctanoic acid, as 
used earlier [19, 20]. A compound that served as negative 
control (NC) was synthesized in exactly the same way, 
but without a peptide moiety (Table 1), and was used to 
determine assay background in each test for each serum.

ELISA
An in-house ELISA with a mix of C. abortus and C. tra-
chomatis antigens (Virion/Serion) was used to detect 
antibodies against Chlamydia species. In previous work, 
this ELISA was used to detect an increase in antibodies 
in C. gallinacea infected chickens, but a cutoff has not 
been established [21]. Where relevant, results are given 
and expressed as optical density (OD) values.

Bead sets with immobilized peptides
Biotinylated peptides and the compound that serves as 
negative control (NC) were immobilized as described 

before [19], using 5 ×  105 avidin coated paramagnetic 
beads (MagPlex-Avidin microspheres; Luminex, Den 
Bosch, The Netherlands). The biotinylated compounds 
were used at a final concentration of 4000  nM. After 
binding of these compounds to avidin-coated beads, 
the beads were washed and blocked with biotin [19].

In total, 10 spectrally distinct bead sets were used to 
assemble three different bead mixes. Each bead mix 
contained a bead set with the NC and up to 9 bead sets 
with peptides, as follows. Bead mix 1 contained 8 bead 
sets, loaded with resp. pCga001-003, pCga008-011, 
and NC; bead mix two contained 9 bead sets, loaded 
with resp. pCps001, 002, 009, 010, 013–016, and NC; 
bead mix three contained 10 bead sets, loaded with 
resp. pCab001-005, pCav001-004, and NC. The three 
bead mixes together constitute the Luminex suspen-
sion array when employed in parallel. By doing so, it 
was possible to run a cost-efficient multiplex assay for 
24 peptides and internal controls with only 10 different 
beads.

Table 1 Peptides used as antigens 

Peptide sequences were selected for four Chlamydia species based on literature and on sequences of Dutch isolates G47 and F725. Partial alignments can be found in 
Tables 2 and 3.

P: purified peptide; Cga, Cps, Cab, and Cav refer to the Chlamydia species (see first column); NC: negative control; n.a.: not applicable.
a C. gallinacea strain 08DC63 and 08-1274/3 are the same.

Species Peptide name Descriptiona Sequence Length Source

C.gallinacea pCga001 Cga_08DC63_OmpA_326‑345 NPSFLGSADAQATLVDSVQI 20 [15, 17]

pCga002 Cga_08‑1274/3_IncA_297‑326 SEAATSTSTPEGETSETKEGEEDSSVVEFD 30 [15, 16]

pCga003 Cga_08DC63_IncA_303‑326 TSTPEGETSETKEGEEDSSVVEFD 24 [17]

pCga008 C. gal G47_OmpA NPTFSGGAVPQTGGTGSVVDVVQI 24 This study

pCga009 C. gal F725_OmpA NPSFLGEANAQAKLVDSVQI 20 This study

pCga010 C. gal G47_IncA SEAATSTSTPEGETSETKEGEEDSSVIEFD 30 This study

pCga011 C. gal F725_IncA SEAATSTSTPEGETSETKEGEEDSSVIDFD 30 This study

C. psittaci pCps001 Cps_02DC15_OmpA_158‑181 LVGLIGFSAASSISTDLPTQLPNV 24 [15–17]

pCps002 Cps_02DC15_IncA_329‑352 ADQGDLRDPSGDRYG GWG AQSSYR 24 [17]

pCps009 Cps_02DC15_OmpA_250‑265 ASSNFPLPITAGTTEA 16 [16]

pCps010 Cps_02DC15_OmpA_329‑352 SLIGSTTALPNNSGKDVLSDVLQI 24 [17]

pCps013 Cps_02DC15_PmpD_1053‑92 DPNAKPAEKIESPTSKVYYSAYDPVKNPGKKTLADINSIG 40 [16]

pCps014 Cps_02DC15_IncA_321‑360 SLTSTTETADQGDLRDPSGDRYG GWG AQSSYRLSPSVTMS 40 [15, 16]

pCps015 Cps_02DC15_CT618_105‑134 YEVDSATGSFKIVTKNIQKPNGEVEIVSSR 30 [15, 16]

pCps016 Cps_02DC15_CT618_189‑228 CGAVDDVISIVSTLRSTDFDPSYEDLVQRRVTLREKFFSL 40 [15, 16]

C.abortus pCab001 Cab_S26/3_OmpA_89‑104 PTGT AAA NYKTPTDRP 16 [16]

pCab002 Cab_S26/3_OmpA_153‑176 NLVGLIGVKGSSIAADQLPNVGIT 24 [15–17]

pCab003 Cab_S26/3_OmpA_158‑173 GVKGSSIAADQLPNV 15 [17]

pCab004 Cab_S26/3_PmpD_1064‑1087 PTSNVYYSAHESVKQPENKTLADI 24 [17]

pCab005 Cab_S26/3_IncA_324‑353 STAVTEHADIPRDPNRDPRGG RGG QSSPSV 30 [15, 17]

C. avium pCav001 Cav_10DC88_IncA_305‑328 ESTPVEAPESKEEAKDTAEVAAEG 24 [17]

pCav002 Cav_10DC88_IncA_299‑328 TVEGAAESTPVEAPESKEEAKDTAEVAAEG 30 [15]

pCav003 Cav_10DC88_IncA_325‑348 AAEGSGSTEESKGKEDDKSGDKKE 24 [17]

pCav004 Cav_10DC88_IncA_319‑348 KDTAEVAAEGSGSTEESKGKEDDKSGDKKE 30 [15, 16]

n.a NC Biotin‑spacer‑(no peptide)‑amide n.a 0 this study
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Performing the suspension array
Suspension arrays were performed using elements of 
existing protocols [18–20, 25] as follows. Sera were 
diluted 1:200 in sample buffer, i.e. PBS-T with 10% PRI-
blocker, a dedicated blocking reagent for bead-based 
immunoassays (Prime Diagnostics, Wageningen, The 
Netherlands). To prevent background, diluted sera 
were also pre-treated with neutravidin (Thermo Fisher 
Scientific). In parallel, of the three different bead mixes, 
prepared in PBS-T with 10% PRI-blocker, 50  µL was 
mixed with 50  µL of pre-treated serum in a 96-well 
plate to a final serum dilution of 1:400, with 750 beads 
of each bead set present.

The three bead mixes were investigated in parallel 
as follows. The bead/serum mixes were incubated in a 
96-well plate for 30 min in the dark at room tempera-
ture on a plate shaker, after which the plate was washed 
three times with 100 µL PBS-T, using a magnet (LifeSep 
96F, Thermo Fisher Scientific) to precipitate beads. 
Next, 100  µL of phycoerythrin conjugated secondary 
antibodies in PBS-T was added (1:1000). For detec-
tion of bound serum antibodies, Goat Anti-Chicken 
IgY(H+L) (Southern Biotech) was used for chicken 
serum, whereas AffiniPure F(ab′)2 Fragment Goat Anti-
Mouse IgG (H+L) (Jackson Immuno Research) was 
used for mouse serum. Beads were incubated with the 
secondary antibodies for 60  min in the dark at room 
temperature on a plate shaker. After washing, the fluo-
rescence collected on the beads was measured with a 
Luminex LX200 system (Luminex), counting at least 75 
beads per spectral region.

Serum‑specific cutoffs and normalization
To evaluate signals acquired on peptide beads, an 
approach was developed to establish serum-specific cut-
offs, using the corresponding assay background observed 
for each individual serum on the negative control (NC) 
beads, that are present in each of the three bead mixes. 
To establish serum-specific cutoffs, first the specific assay 
background was calculated for each serum by averag-
ing the median fluorescent signal (MFI) acquired on NC 
beads (avNC), present in the three bead mixes that were 
tested in parallel for each serum. Next, the specific cut-
off was established for each serum by taking three times 
the corresponding assay background, i.e. three times the 
average MFI observed on NC beads (3*avNC), as estab-
lished empirically (not shown) by studying the effect of 
different multiplicities of the internal negative control 
NC on agreement with the known status of the experi-
mental sera. Resulting values were taken as serum-
specific cutoffs and were used to normalize data by 
subtraction. For normalized data this resulted in a cutoff 

of 0 for each serum, which allowed comparison of signals 
obtained with multiple sera.

Results
Sera from experimentally infected mice confirm 
species‑specificity of peptide beads
Results of the suspension array obtained with pooled sera 
from mice infected with C. psittaci or C. gallinacea, or 
from naive mice, are presented in Figure 1. With pooled 
serum from mice infected with C. gallinacea, only sig-
nals on beads with peptides derived from C. gallinacea 
exceeded the cutoff (Figure 1, top). Not all C. gallinacea 
peptides were seroreactive (see below). Signals on beads 
with C. gallinacea peptides remained below the cutoff 
when tested with serum from mice infected with C. psit-
taci (Figure  1, middle) or with serum from naive mice 
(Figure  1, bottom). Likewise, peptides derived from C. 
psittaci were specifically recognized by the serum pool 
from C. psittaci infected mice (Figure 1, middle). On all 
beads with peptides, signals remained below the cutoff 
when sera from naive mice were tested (Figure  1, bot-
tom). Results for all available mouse serum pools (n = 18; 
Additional file  1, with raw MFI data) showed that most 
peptides derived from C. gallinacea, C. psittaci, C. abor-
tus, and C. avium were recognized in a species-specific 
manner in the suspension array. Before normalization, 
signals above the serum-specific cutoffs ranged from 
377 to 12  532 MFI, with most specific signals above 
1000 MFI, whereas assay backgrounds (on NC beads) 
remained below 200 MFI, with standard deviations rang-
ing from 0 to 23 MFI. These results agreed with those of 
the in-house ELISA in which low signals (OD < 0.1) were 
obtained with sera from naive mice whereas high signals 
(OD > 0.8) were obtained with sera from infected mice, 
including sera from mice infected with the four Chla-
mydia species focused on in this study.

In the suspension array, the signals on IncA pep-
tides derived from the strain used for infecting mice, 
was always higher than on the orthologous IncA pep-
tides derived from chicken isolates (Additional file  1). 
Of the IncA and OmpA C. gallinacea peptides derived 
from Dutch chicken isolates, the IncA-derived pCga002 
orthologs (pCga010 and 011) were recognized by sera 
from C. gallinacea infected mice, in contrast to the two 
OmpA-derived pCga001 orthologs (pCga008 and 009) 
(see Additional file  1). Sequence differences between 
pCga002 (IncA) and its orthologs, and between pCga001 
(OmpA) and its orthologs, can be seen in Table 1.

Cross-reactions with low signals were observed for 
one C. avium serum on two C. psittaci peptides (< 400 
MFI; pCps002 and 014). Both are different length ver-
sions derived from the same region, and do not share 
homology with proteins from C. avium (BLAST). 
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Figure 1 Results of the suspension array with mice sera. Results are shown for pooled sera from mice infected with C. gallinacea or C. psittaci, 
and naive mice. The three pools were tested with a fixed panel of beads carrying peptides or a negative control (NC) compound. Only signals on 
peptides are shown, expressed as normalized MFI (Y‑axis) by subtraction of the serum‑specific cutoffs that are based on signals on beads carrying 
NC. This resulted in a cutoff of 0 MFI for normalized data, represented by horizontal dashed red lines. Peptides are presented on the X‑axis in the 
same order as listed in Table 1 and are labelled only as a group with the species names. See Additional file 1 for results (raw data) obtained with sera 
from mice infected with other Chlamydia species.
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Cross-reactions with a low signal were also observed 
with two C. pneumoniae sera on an IncA-derived peptide 
(< 600 MFI; pCab001) that has only limited homology to 
proteins from C. pneumoniae (BLAST; lowest E-value 
0.52 for 45% of the query).

Taken together, results with mice sera confirmed that 
Chlamydia-derived peptides can be used as antigens in a 
bead-based suspension array for detection of serum anti-
bodies against multiple Chlamydia species and that bioti-
nylated peptides retain their seroreactivity when bound 
to avidin-coated beads.

Sera from chickens exposed to C. psittaci react 
with peptide beads in a species‑specific manner
To investigate if the selected peptides react with sera 
from C. psittaci infected chickens, sera from three chick-
ens exposed to C. psittaci were investigated. For these 
chickens, PCR data was available: early after the start 
of the experiment C. psittaci was detected in 2 out of 3 
chickens (3031 and 3435); at the end of the experiment C. 
psittaci was detected in only one chicken (2829) (Addi-
tional file 2).

In the suspension array, the serum-specific assay back-
ground remained below 300 MFI for all sera, with stand-
ard deviations ranging from 3 to 45 MFI (Additional 
file  2, with raw MFI data). To visualize acquired signals 
on peptide beads of multiple sera in one graph, results 
were normalized by subtracting the calculated serum-
specific cutoffs. By doing so, normalized signals were 
found negative on day 0 for all chickens, positive on day 
14 and 21 for chicken 2829 and 3031 on one C. psit-
taci peptide (pCps010), or positive on day 14 and 21 for 
chicken 3435 on five C. psittaci peptides (incl. pCps010) 
(Figure  2). Three of the C. psittaci peptides were never 
recognized by sera from chickens exposed to C. psittaci. 
Of these, only pCps001 differed from the sequence of the 
strain used for infection (Table 2). All chicken sera from 
this experimental C. psittaci infection did not react with 
peptides derived from other Chlamydia species, apart 
from a cross-reaction for chicken 3031 with peptide 
pCab004.

Results with the in-house ELISA showed increased sig-
nals on day 21 (day 14 sera were not tested) compared 
to day 0 for all exposed chickens, which was most pro-
nounced for chicken 3435, i.e. the chicken that responded 
to five peptides (Additional file 3).

Summarized, all three chickens infected with C. psit-
taci had an increased response in the in-house ELISA 
at day 21 and recognized at least 1 C. psittaci peptide 
in the suspension array. In total five out of the eight 
C. psittaci-derived peptides (that are all recognized by 
mice sera) were recognized by chicken sera (Table  2). 
Signals on four out of these five peptides were obtained 

only with serum from chicken 3435, i.e. the animal 
with the lowest Ct value in a throat swab taken 4 days 
after exposure. These results showed that the suspen-
sion array is able to detect a specific response against 
C. psittaci.

Sera from chickens infected with C. gallinacea react 
with peptide beads in a species‑specific manner
From eight chickens infected with C. gallinacea NL_G47, 
sera from day 0, 14, 28, and 35 were used for this study. In 
the suspension array, signals on all NC beads remained 
below 300 MFI. Normalized signals remained below 0 
on all beads on day 0, and became positive after day 0 
on a subset of beads with C. gallinacea-derived peptides 
(Figure 3).

All IncA-derived peptides with sequence homology to 
the published peptide pCga002 and its shorter variant 
pCga003 were recognized by the chicken sera, includ-
ing the orthologs pCga010 and 011 derived from the 
two Dutch field strains (Table  3). For each chicken, the 
highest signal (see Additional file  4 with raw MFI data) 
on IncA peptides was always on pCga010, derived from 
the NL_G47 isolate that was also used for experimental 
infection of these chickens. The published OmpA-derived 
pCga001 peptide was never recognized, but its ortholog 
pCga008 from the Dutch field strain NL_G47 (used for 
infection) was recognized by a subset of the tested sera. 
The ortholog from another Dutch field strain, NL_F725, 
was never recognized. The differences in seroreactivity 
are listed in Table 3, as are the peptide sequences and the 
corresponding sequences of the infecting strains. Weak 
cross-reactions were observed with peptide pCps015 
with some sera (see Additional file 4 for details).

With the in-house ELISA it had been shown that sera 
from day 14, 28, 35 resulted in high signals, whereas sera 
from day 0 had low signals, indicating that sera taken 
post-infection contained Chlamydia antibodies [22]. 
In ELISA, signals were considerably higher for sera that 
were seropositive for C. gallinacea in the suspension 
array than for seronegative sera (Additional file 5).

Summarized, of the seven C. gallinacea peptides, two 
were recognized by all sera from chickens infected with 
C. gallinacea NL_G47, three were recognized but not 
consistently, and two OmpA-derived peptides from strain 
NL_F725 and 08DC63 were never recognized. Seroposi-
tivity as determined by the suspension array correlated 
with signal strength of signals obtained with the in-house 
ELISA. These results show that a subset of the C. galli-
nacea-derived peptides can be used to specifically detect 
antibodies against C. gallinacea in infected chickens, and 
also suggest that this subset can be used to differentiate 
between antibodies against C. gallinacea and C. psittaci.
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Figure 2 Results of the suspension array with sera from chickens exposed to C. psittaci. Results are shown for three chickens exposed to 
C. psittaci 6BC. Sera from day 0, 14, and 21 were tested (resp. black, red, and green symbols); for each chicken the results of three timepoints are 
presented in one graph. Signals on peptides are shown and are expressed as normalized MFI. For details see the legend to Figure 1. Raw MFI values 
are given in Additional file 2. dpi: days post‑infection.
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Field sera
A set of 120 field sera from layers and broilers with 
unknown infection status, were tested with the suspen-
sion array. The sera were from three types of chicken 
farms, with free range laying hens, conventional laying 
hens, or broilers, two farms each.

As for the experimental sera, for field sera the NC beads 
were tested simultaneously with the other peptide beads, 
resulting in information on assay background for each 
serum, that was used to normalize signals. In the suspen-
sion array, the background on the NC beads ranged from 
115 to 2119 MFI in layers, and from 46 to 343 MFI in 
broilers. Sera were considered seropositive when a signal 

(positive after normalization) on at least one peptide was 
observed. This resulted in 33 seropositive sera, mostly 
from layers (Table 4). Of these, 20 sera were seropositive 
for C. gallinacea, and 19 for other Chlamydia species; 5 
sera were positive for multiple Chlamydia species. The 
results are also presented in Figure 4 were seroreactivity 
of each serum is visualized (see Additional file 6 for raw 
MFI values).

In ELISA, signals for laying hens ranged from OD 0.19 
to 1.36 for free range layers and from 0.10 to 1.01 for con-
ventional layers, signals for broilers ranged from 0.00 to 
0.132. The ELISA did not reflect the serostatus of indi-
vidual sera as determined by the suspension array: the 

Table 2 Seroreactivity and sequence identity of C. psittaci‑derived peptides 

For all C. psittaci 02DC15-derived peptides, the seroreactivity in the suspension array with sera from mice and chickens (infected with resp. 02DC15 and 6BC) is given. 
Alignments show the sequences of each 02DC15-derived peptide and corresponding sequences of 6BC. Identical amino acids are indicated with dots.

y yes, n no.

C. psittaci‑derived peptides Blast results of peptide (query) against C. psittaci 6BC (subject) Signal in infected animals

Mice Chickens

C. psittaci 
02DC15

C. psittaci 6BC

pCps001_Cps_02DC15 OmpA_158‑181 Query
1 LVGLIGFSAASSISTDLPTQLPNV 24

y n

Sbjct
158..................M..... 181

pCps002_Cps_02DC15_IncA_329‑352 Query
1 ADQGDLRDPSGDRYG GWG AQSSYR 24

y y

Sbjct
329........................ 352

pCps009_Cps_02DC15_OmpA_250‑265 Query
1 ASSNFPLPITAGTTEA 16

y n

Sbjct
250................ 265

pCps010_Cps_02DC15_OmpA_329‑352 Query
1 SLIGSTTALPNNSGKDVLSDVLQI 24

y y

Sbjct
329........................ 352

pCps013_Cps_02DC15_PmpD_1053‑92 Query
1 DPNAKPAEKIESPTSKVYYSAYDPVKNPGKKTLADINSIG 40

y y

Sbjct
1053........................................ 1092

pCps014_Cps_02DC15_IncA_321‑360 Query
1 SLTSTTETADQGDLRDPSGDRYG GWG AQSSYRLSPSVTMS 40

y y

Sbjct
321........................................ 360

pCps015_Cps_02DC15_CT618_105‑134 Query
1 YEVDSATGSFKIVTKNIQKPNGEVEIVSSR 30

y y

Sbjct
105.............................. 134

pCps016_Cps_02DC15_CT618_189‑228 Query
1 CGAVDDVISIVSTLRSTDFDPSYEDLVQRRVTLREKFFSL 40

y n

Sbjct
189........................................ 228
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Figure 3 Results of the suspension array with sera from chickens infected with C. gallinacea. Results are shown for eight chickens infected 
with C. gallinacea NL_G47. Sera from day 0, 14, 28, and 35 were tested. For each peptide normalized signals are given for eight sera using a 
box‑whisker plot. For details see the legend to Figure 1. Raw data are given in Additional file 4. dpi: days post‑infection.
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range of ODs of seropositives and seronegatives largely 
overlapped. However, for layers as a group the mean 
ODs were higher for seropositives than for seronegatives 
(Additional file 7).

In summary, field sera recognized subsets of Chla-
mydia-derived peptides, but the in-house ELISA and the 
suspension array did not agree with each other. In the 
suspension array, circa two thirds of the seropositive sera 
recognized C. gallinacea-derived peptides.

Discussion
Current discriminatory tests for Chlamydia are based on 
detection of genetic material [13] and only give informa-
tion about the actual infection status, but reveal noth-
ing of past infections. In contrast, serological methods 
have a larger detection window. Detection of antibodies 
against Chlamydia has successfully been carried out with 
sera from various mammalian hosts [17]. The goal of the 
study presented here was to investigate if it is possible to 

develop a similar test for sera from chickens. In this study, 
focus was on C. psittaci and C. gallinacea, the two avian 
species that need to be distinguished, as one is zoonotic 
whereas the other currently is the prevalent species in 
chickens [10]. In addition, two genetically related species 
were included, i.e. C. abortus and C. avium, both occur-
ring in birds [1], and the species that are most closely 
related to resp. C. psittaci and C. gallinacea [26]. To ena-
ble differentiating serology for the selected Chlamydia 
species, a bead-based Luminex suspension array was 
constructed, using peptides derived from immunoreac-
tive Chlamydia proteins [15–17] as antigens. The suspen-
sion array correctly detected and identified antibodies 
against Chlamydia in sera from experimentally infected 
mice, showing that the peptides retained their seroreac-
tivity in this assay format. Importantly, the test was able 
to differentiate between antibodies against C. psittaci 
and C. gallinacea in sera from experimentally infected 

Table 3 Seroreactivity and sequence identity of C. gallinacea‑derived peptides 

For all C. gallinacea-derived peptides, the seroreactivity in the suspension array with sera from mice and chickens is given. Alignments show the sequences of the used 
peptides and corresponding sequences of strain NL_G47. Identical amino acids are indicated with dots.

y yes, n no, freq frequently (in all chickens, but signals are late, low, or transient), inconsis inconsistently (in 3 out of 8 chickens).

C. gallinacea‑derived peptides Blast results of peptide (query) against C. gallinacea 
NL_G47 (subject)

Signal in infected animals

Mice Chickens

C.gal. 08–1274/3 
(08DC63)

C.gal. NL_G47

pCga001_Cga_08DC63_OmpA_326‑345 Query
1 NPSFLGSADAQA––––TLVDSVQI 20

y n

Sbjct
328..T.S.G.VP.TGGTGSV..V... 351

pCga002_Cga_08‑1274/3_IncA_297‑326 Query
1 SEAATSTSTPEGETSETKEGEEDSSVVEFD 30

y freq

Sbjct
297..........................I... 326

pCga003_Cga_08DC63_IncA_303‑326 Query
1 TSTPEGETSETKEGEEDSSVVEFD 24

y y

Sbjct
303....................I... 326

pCga008_C.galG47_OmpA Query
1 NPTFSGGAVPQTGGTGSVVDVVQI 24

n incons

Sbjct
328........................ 351

pCga009_C.galF725_OmpA Query
1 NPSFLGEANAQA----KLVDSVQI 20

n n

Sbjct
328..T.S.G.VP.TGGTGSV..V... 351

pCga010_C.galG47_IncA Query
1 SEAATSTSTPEGETSETKEGEEDSSVIEFD 30

y y

Sbjct
297.............................. 326

pCga011_C.galF725_IncA Query
1 SEAATSTSTPEGETSETKEGEEDSSVIDFD 30

y y

Sbjct
297...........................E.. 326
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chickens. Results with field sera confirm the high preva-
lence of C. gallinacea in layers. As yet, signals against 
peptides derived from other Chlamydia species are diffi-
cult to interpret as limited (C. psittaci) or no (C. abortus, 
C. avium) sera from experimentally infected chickens 
were available for evaluation.

Observations with infected chickens showed that upon 
C. psittaci infection specific antibodies were generated. 
Not all C. psittaci peptides were recognized, which may 
be an effect of the transient nature or inefficiency of the 
infection: PCR data showed that the C. psittaci infection 
of these chickens had been suboptimal and was transient. 
For C. gallinacea infected chickens there were no doubts 
concerning the infection, and signals in both ELISA and 
the suspension array were high upon infection.

It would be of added value to test additional sera from 
chickens infected with C. psittaci to investigate if the 

three non-reacting peptides can be recognized if chick-
ens are not transiently infected.

An alternative explanation for the observed differences 
in seroreactivity of a subset of the C. psittaci peptides 
may be the dissimilarity of immune systems of mammals 
and birds, including differences in antibody development 
and antigen processing [27–29]; mice and birds may rec-
ognize different epitopes. This speculation is fed by two 
observations. Of the C. psittaci-derived peptides that are 
only seroreactive in mice, two have the same sequence 
as the 6BC isolate used for infecting chickens, yet do not 
result in a signal in the suspension array. Further, sera 
of C. gallinacea G47 infected chickens recognize (but 
inconsistently) the autologous G47 OmpA-derived pep-
tide pCga008, whereas pooled sera from mice infected 
with C. gallinacea do recognize the autologous peptide, 

Table 4 Summarized results of field sera tested with the suspension array 

Results are presented for signals that in the suspension array exceeded the serum-specific cutoffs. Sera were from 120 chickens from three types of farm with resp. free 
range layers, conventional layers, and broilers.
a Of the 33 seropositive sera, 28 are seroreactive toward peptides of 1 Chlamydia species, 4 and 1 serum are seroreactive toward peptides of respectively 2 and 3 
species.

Peptides Number of positive normalized MFI values Positive sera per 
Chlamydia  speciesa

Name Description Per peptide Per farm type

Free range 
layers

Conventional 
layers

Broilers

pCga001 Cga_08DC63_OmpA_326‑345 0 22 28 0 20

pCga002 Cga_08‑1274/3_IncA_297‑326 8

pCga003 Cga_08DC63_IncA_303‑326 14

pCga008 C. gal G47_OmpA 0

pCga009 C. gal F725_OmpA 0

pCga010 C. gal G47_IncA 15

pCga011 C. gal F725_IncA 13

pCps001 Cps_02DC15_OmpA_158‑181 0 2 8 0 7

pCps002 Cps_02DC15_IncA_329‑352 2

pCps009 Cps_02DC15_OmpA_250‑265 0

pCps010 Cps_02DC15_OmpA_329‑352 3

pCps013 Cps_02DC15_PmpD_1053‑92 0

pCps014 Cps_02DC15_IncA_321‑360 2

pCps015 Cps_02DC15_CT618_105‑134 3

pCps016 Cps_02DC15_CT618_189‑228 0

pCab001 Cab_S26/3_OmpA_89‑104 1 0 6 0 6

pCab002 Cab_S26/3_OmpA_153‑176 0

pCab003 Cab_S26/3_OmpA_158‑173 0

pCab004 Cab_S26/3_PmpD_1064‑1087 0

pCab005 Cab_S26/3_IncA_324‑353 5

pCav001 Cav_10DC88_IncA_305‑328 1 4 0 7 6

pCav002 Cav_10DC88_IncA_299‑328 5

pCav003 Cav_10DC88_IncA_325‑348 1

pCav004 Cav_10DC88_IncA_319‑348 4

Seropositive sera per farm  typea: 12 18 3
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pCga003 that is based on the same region, resulting in a 
high signal.

With sera from infected mice some cross-reactions 
were observed, that could not be traced back to sequence 
homology and were not observed before in the pep-
tide array [17], but one of these cross-reactions has 
been observed before in ELISA (pCab1, Cab_S26/3_
OmpA_89-104) [16]. Since the signals of cross-reactions 
are low in the suspension array and low or absent in 
other platforms, it is likely that differences in designated 
serostatus of sera with low signals, are caused by dif-
ferences in the selected cutoffs that are used. Also with 
sera from experimentally infected chickens some cross-
reactions were observed. One C. psittaci infected chicken 
reacted with peptide pCab004, that has 71% identity with 
its ortholog in C. psittaci 6BC (BLAST). It’s sequence 
overlaps with a published peptide which is known to 
cross-react in ELISA with sera from mice infected with 
C. psittaci [16]. A subset of sera from the C. gallinacea 
infected chickens also cross-react with C. psittaci pep-
tide pCps015, for which no explanation was found since 
the peptide has only limited homology to proteins from 
C. gallinacea (BLAST; lowest E-value 0.97 for 36% of 
the query). Regardless of the nature of these cross-reac-
tions, in order to provide straightforward interpretation 
of results, it shows that panels of strong reacting peptide 
antigens for each species have a preference.

In this study, a generic method was developed for 
establishing a cutoff for each serum sample. In antibody 

detection, it is common practice to base cutoffs on the 
assay background or the average signal of a negative con-
trol group of animals, plus two or three times the stand-
ard deviation [25, 30]. Here, an approach was adopted to 
base a cutoff on a negative population of beads within 
each assay by defining a serum-specific cutoff for each 
individual serum sample, that is based on the individual 
assay background of that serum, which in singleplex plat-
forms such as ELISA is not possible for individual sam-
ples. This serum-specific assay background was measured 
using internal negative control (NC) beads that were pre-
sent in each bead mix. These control beads carry a com-
pound similar to the peptides used, but without an actual 
peptide moiety and are expected to reflect aspecific bind-
ing of serum components in the system. Of these, in each 
well at least 100 beads were analysed—these are regarded 
as the negative population of beads within each assay and 
are thus used as the basis of calculating a cutoff for each 
serum. When analysing all results, the serum-specific 
assay background times three was found acceptable as 
cutoff for all experimental sera. This method of calculat-
ing individual serum-specific cutoffs takes away the assay 
background, resulting in limited aspecific reactions and/
or cross-reactions. The cutoff can not take into account 
cross-reactions of particular peptides; by the time a fully 
developed assay is available, a comparison with a nega-
tive population of animals will help in both finetuning the 
cutoff and assembling a final peptide panel.

Figure 4 Results for 120 field sera tested with the suspension array. Normalized MFI values are given and categorized as indicated. Sera that 
are seroreactive toward peptides of more than one Chlamydia species are labelled with an asterisk below the last peptide recognized. Raw data are 
given in Additional file 6.
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The approach with a universal method to establish 
serum-specific cutoffs was also employed for analysing 
field sera, but was not verified with a large set of chicken 
sera that are seronegative according to a reference test, as 
these are simply not available. Investigation of 120 Dutch 
field sera with the suspension array confirmed that C. 
gallinacea is the prevalent Chlamydia species in layers, 
which agrees with observations made using PCR [10], 
and also showed that C. gallinacea antibodies are absent 
in broilers, at least in the 40 sera tested. The results sug-
gest that the current test may be used to establish if flocks 
are seropositive for C. gallinacea. Signals against peptides 
derived from other Chlamydia species than C. gallina-
cea were observed in mainly laying hens, but are difficult 
to interpret as limited (C. psittaci) or no (C. abortus, C. 
avium) sera from experimentally infected chickens are 
available to evaluate the seroreactivity of these peptide 
panels. So, the seroreactivity of peptides from species 
other than C. gallinacea was clearly demonstrated with 
sera from experimentally infected mice, but sera to do so 
unambiguously for chickens are not available. Although 
some information was acquired with sera from immuni-
zations of chickens with C. psittaci and C. abortus bacte-
rins, such information is not available for C. avium (see 
Additional file 8).

The observation that of these peptide panels the field 
sera recognized only subsets or individual peptides may 
indicate presence of specific antibodies, but these “spo-
radic” signals may also be aspecific interactions or cross-
reactions with antibodies against unidentified pathogens. 
Some peptides cross-reacted in experimental chicken 
sera (e.g. pCps015) and with field sera probably have no 
relevance. A peptide such as pCab005 was recognized 
by field sera as solitary signal or coinciding with signals 
on C. gallinacea peptides. However, this peptide did not 
cross-react with experimental C. gallinacea sera, nor was 
it the strongest responder in the C. abortus peptide panel 
when tested with mice serum. A complicating issue here 
is that there is no data on the presence of Chlamydia spe-
cies/strains (sequence variants) in the sampled chickens 
to verify the serological signals observed. Another com-
plication is the aforementioned lack of experimental 
chicken sera for all Chlamydia species (also see Addi-
tional file 8).

Concerning possible sequence variants, for C. gallina-
cea IncA-derived peptides signals were always highest on 
the autologous versions of these peptides when testing 
with experimental sera. In field sera however, for each of 
these three peptides sera exist that are only positive on 
one variant. This may suggest that multiple C. gallinacea 
strains occur in the set used.

Regarding comparisons of the results of the ELISA 
and the suspension array, it is remarkable that with field 
sera there is no clear correlation between the two assays, 
whereas for sera from experimentally infected mice and 
chickens the results of the two assay do agree, i.e. with 
sera from experimental infections in both assays low sig-
nals are observed prior to infection, and high signals are 
observed after infection. Nevertheless, many field sera 
show high signals in ELISA and are not seropositive in 
the suspension array. An explanation may be related to 
the nature of the antigens. The in-house ELISA is per-
formed with a mixture of inactivated C. abortus and C. 
trachomatis bacteria, in fact elementary and reticular 
bodies containing a multitude of antigens, which may in 
part be responsible for causing cross-reactions. One type 
of cross-reaction is within the group of Chlamydia spe-
cies. In ELISA this antigen mixture enables detection in 
animal sera of antibodies against all other Chlamydia 
species, as demonstrated in this study with sera from 
experimentally infected mice and chickens. This is con-
sistent with published observations where such antigens 
are shown to be seroreactive with antibodies against (all) 
other Chlamydia species [31]. The broad nature of the 
ELISA antigens may also be responsible for another type 
of cross-reactions: cross-reactions by antibodies against 
other bacteria that occur in chickens, Chlamydia-related 
or otherwise. Cross-reactions with other Chlamydia 
species than studied here is unlikely since C. gallinacea 
is the prevalent species in Dutch poultry [10], and there 
is no direct evidence for cross-reactivity of antigens 
between Chlamydia-related species (in mammalian sera) 
if they are not closely related [32]. The observation that 
in production animals ELISA signals are always low in 
young animals (broilers, aged between 4 and 6  weeks) 
but can be very high in older chickens (layers, in general 
18  weeks or older) is indicative of an age-related pres-
ence of antibodies; older animals on farms undoubtedly 
have encountered more bacteria than young chickens or 
chickens used for experimental infections. Another, sim-
ple, explanation could be that the peptide panel is simply 
missing essential peptides, but if it is, that is only a part 
of the problem as the observed large number of layers 
seropositive for C. gallinacea match the prevalence found 
by PCR [10], a study in which no other Chlamydia spe-
cies were detected. A complicating factor in this whole 
discussion is that for the ELISA cutoff has not been 
established [21]. For now, the mismatch between results 
from the in-house ELISA and suspension array remains 
elusive.

The value of having serum-specific cutoffs was shown 
when testing field sera. For two field sera, extremely high 
assay backgrounds were observed in the suspension array 
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(> 1000 MFI on NC beads). For one serum, this was also 
reflected by high signals on other beads, whereas the 
standard deviation (SD) for the NC beads (measured in 
three parallel assays) was low (38 MFI). Despite the high 
serum-specific assay background, and hence the high 
cutoff, this serum had only three signals that exceeded 
the cutoff, and was designated seropositive for C. gallina-
cea with seroreactivity on the same peptides as seen for 
many other sera. For the other serum, the high serum-
specific assay background was reflected by many, but 
not all beads, and the SD NC was also high (237 MFI). 
Although this serum was designated seronegative, it 
clearly is an aberrant serum with unusual behaviour 
toward the control beads. In the experimental setup with 
three parallel tests this was visible (NC beads are used in 
each parallel test), but in a complete multiplex test how-
ever this would go unnoticed as all beads would be tested 
in one well. So, an additional rule to filter out sera with 
an aberrant/irregular background signal could improve 
the suspension array. Summarized, these observations 
show the value of a serum-specific cutoff as it corrects 
for high assay background, but also suggest that some 
improvements for sera with an irregular background may 
be required.

The developed serological Luminex suspension array 
described in this work shows great promise as it is able 
to discern in experimentally infected chicken sera if anti-
bodies against C. psittaci or C. gallinacea are present, 
and confirms that C. gallinacea is the prevalent Chla-
mydia species in layers. The protocol to produce beads 
with synthetic peptides is simple, and performing a mul-
tiplex assay with a panel of peptides is uncomplicated and 
not troubled by background issues, the latter in part facil-
itated by using negative control beads that allow individ-
ual cutoffs for each serum.

To develop this proof of concept assay into a full mul-
tiplex assay for detection and differentiation of antibod-
ies against Chlamydia species, a panel of peptides is 
required that covers multiple antigenic regions of the tar-
geted species, either conserved linear epitopes or a panel 
covering sequence variants. These can be obtained from 
the relevant publications [15–17], a new inventory of the 
ever increasing number of genome sequences, and/or by 
(re)screening antigenic proteins using arrays with over-
lapping peptides. To do this, additional chicken sera are 
required that are experimentally infected with the vari-
ous Chlamydia species of interest. Further, for validation 
a set of paired samples should be available from a longi-
tudinal study in poultry that allow detection and identi-
fication of the infecting Chlamydia species by PCR and 
evaluation of peptides by serology.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13567‑ 023‑ 01159‑9.

Additional file 1. Results of the suspension array with sera from 
mice infected with various Chlamydia species. Pooled sera from mice 
experimentally infected with Chlamydia, and two pools from naive mice, 
were tested with bead sets loaded with antigens as indicated. Results for 
C. psittaci, C. gallinacea, and the last naive mouse are also presented in Fig‑
ure 1. The results are given in MFI, values above the cutoffs are highlighted 
in red. For beads with the negative control (NC) compound, values given 
are the average MFI of three parallel runs; the standard deviations are also 
given (SD). Serum‑specific cutoffs were calculated as three times the aver‑
age signal on NC beads from three parallel runs (3*avNC). Abbreviations: 
p, purified peptide; Cga, Cps, Cab, and Cav resp. C. gallinacea, C. psittaci, 
C. abortus, C. avium. NB in the manuscript normalized data are used for 
which the cutoffs were subtracted from the acquired MFI values.

Additional file 2. Results of the suspension array with sera from 
chickens infected with C. psittaci and the available PCR data. Sera 
from three chickens experimentally infected with C. psittaci 6BC were 
tested with a fixed panel of beads carrying the antigens indicated in the 
first column. Results are given in MFI. Values above the cutoffs (3 times the 
signal on NC beads) are highlighted in red. The same results are presented 
in Figure 2, but there MFIs were normalized by subtracting 3xavNC to 
enable visualisation of data for multiple sera in one graph. Abbreviations: 
dpi, days post‑infection; for other abbreviations see Additional file 1. NB 
in the manuscript normalized data are used for which the cutoffs were 
subtracted from the acquired MFI values. Ct values for the three chickens 
exposed to C. psittaci 6BC are given for 4 and 21 dpi for swabs and tissue 
samples as indicated. Ct values that are regarded positive are marked red.

Additional file 3. Comparison of ELISA and suspension array for C. 
psittaci infected chickens. To allow comparison of the suspension array with 
the in‑house ELISA, for which no cut‑off is available, sera from chickens experi‑
mentally infected with C. psittaci were designated seropositive for C. psittaci 
when a positive signal on at least one C. psittaci derived peptide was observed. 
By plotting signals (OD) from the in‑house ELISA against the two categories 
(seropositive and seronegative in the suspension array), the relation between 
the assays was visualized. Symbols: triangles, chicken 2829; circles, chicken 
3031; squares, chicken 3435; open symbols, seropositive in suspension array; 
closed symbols, seronegative in the suspension array; grey line, mean OD.

Additional file 4. Results of the suspension array with sera from chickens 
infected with C. gallinacea. Sera from 8 chickens experimentally infected 
with C. gallinacea NL_G47 were tested with a fixed panel of beads loaded with 
antigens as indicated in the first column. These data were also used for Fig‑
ure 3, but there MFIs were normalized by subtracting 3xavNC. Here, results are 
given in MFI, values above the cutoffs are highlighted in red. For abbreviations 
see Additional files 1 and 2. NB in the manuscript normalized data are used for 
which the cutoffs were subtracted from the acquired MFI values.

Additional file 5. Comparison of ELISA and suspension array for C. 
gallinacea infected chickens. To allow comparison of the suspension 
array with the in‑house ELISA, for which no cut‑off is available, sera from 
chickens experimentally infected with C. gallinacea were designated 
seropositive for C. gallinacea when a positive signal on at least one C. gal-
linacea derived peptide was observed. By plotting signals (OD) from the 
in‑house ELISA against the two categories (seropositive and seronegative 
in the suspension array), the relation between the assays was visualized. 
Symbols: closed circles, seronegative in the suspension array; open circles, 
seropositive in the suspension array; grey line, mean OD.

Additional file 6. Results of the suspension array with 120 chicken 
field sera. Sera from 120 chickens, 20 each from two farms of three farm 
types, were tested with a fixed panel of beads, loaded with antigens as 
indicated in the first column. These data were also used for Table 4 and 
Figure 4. The results are given in MFI, values above the cutoffs are high‑
lighted in red. For a description of cutoffs and abbreviations see Additional 
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file 1. NB in the manuscript normalized data are used for which the cutoffs 
were subtracted from the acquired MFI values.

Additional file 7. Comparison of ELISA and suspension array for field 
sera. Using the serum‑specific cutoffs defined for the suspension array, 
field sera were designated seropositive or seronegative. ELISA results (OD) 
were plotted against the various categories (farm type + serostatus in the 
suspension array). Symbols: closed circles, seronegative in the suspension 
array; open circles, seropositive in the suspension array; grey line, mean 
OD.

Additional file 8. Seroreactivity of C. psittaci and C. abortus derived 
peptides with sera from immunized chickens. In addition to observa‑
tions on seroreactivity of peptides derived from C. gallinacea and C. 
psittaci, immunizations were performed with bacterins of home‑grown C. 
psittaci and various commercial Chlamydia preparations (Virion/Serion); 
material of C. avium was not available. At the start of the experiment all 
chickens showed no signals exceeding the cutoffs, except chicken 145 
(n = 1) and 172 (n = 2), where the signals by serum from chicken 172 were 
relatively high (> 1000). In the final bleeds of chickens immunized with C. 
psittaci bacterins, antibodies were present against a subset of C. psittaci 
peptides. Two out of four of these chickens also showed reactivity to one 
C. abortus peptide, one chicken showed a very low cross‑reactivity toward 
a C. gallinacea peptide. The immunization with C. abortus bacterin in one 
chicken resulted in high signals on two C. abortus peptides. This suggests 
that chickens are capable of an immune response to at least a subset of 
the C. abortus peptides. Both C. abortus‑immunized chickens showed also 
high signals on two C. avium peptides in the final bleeds: this cross‑reac‑
tivity was not observed in infected mice (Figure 1, Additional file 1) and 
also not in field samples (no coincidence of signals against C. abortus and 
C. avium peptides, Figure 4). Chickens immunized with bacterins of two 
other species (C. pneumoniae and C. trachomatis) only in one case gave a 
modest signal with one C. psittaci peptide. In addition, chicken sera from 
the same experiment as the C. psittaci sera used for Figure 2, that were 
immunized after an ineffective infection, resulted in a specific immune 
response to most C. psittaci peptides. The panel recognized is broader 
than what is seen upon an infection experiment (Figure 2, Additional 
file 2). Taken together these results provide some additional evidence 
for seroreactivity of a subset of peptides in chicken sera. Observed cross‑
reactivities may suggest that the immune response upon immunization is 
different from that upon an infection: signals are high, more peptides are 
recognized, and even some very significant cross‑reactivity is observed 
(with C. avium peptides).

Acknowledgements
The authors thank Shamsur Rahman and Bernhard Kaltenboeck (Auburn Uni‑
versity, Alabama, USA), and Konrad Sachse and Christiane Schnee (Friedrich‑
Loeffler‑Institut, Jena, Germany) for mice sera, Teun Fabri (Royal GD, Deventer, 
The Netherlands), PPE‑Adviescommissie Pluimvee Gezondheidszorg (Advisory 
Committee on Poultry Health Care), and the ZonMw (The Netherlands organi‑
zation for Health Research and Development) funded project Plat4m‑2Bt‑
psittacosis (project number 522001002) for field sera, the animal care takers 
from WBVR for assistance during the experimental infections, and Aleksandr 
Umanetc for assisting with ELISAs.

Authors’ contributions
MH, FJvdW, JAvdG, and AB acquired the funding to perform this work. FJvdW, 
MH, RPA, JAvdG and AB contributed to the conceptualization and design. 
JAvdG and MH applied for the ethical approval of experimental infections with 
C. psittaci. MH, JAvdG, AD and CvSS prepared material for the experimental 
infection. AD and RBdV performed ELISAs. RPA generated the suspension 
array, executed the corresponding serology, and analyzed the data. FJvdW, 
MH, RPA drafted the manuscript, which was reviewed by JAvdG and AB 
and approved by all co‑authors. All authors read and approved the final 
manuscript.

Funding
This work was supported by the Dutch Ministry of Agriculture, Nature and 
the Environment (Grants WOT‑01‑002‑005.10, KB‑12‑005.01‑038, WOT‑01‑002‑
005.14, KB‑21‑006‑029, WOT‑01‑002‑024, KB‑37‑003‑041, WOT‑01‑002‑005.02).

Availability of data and materials
Data used in the manuscript for tables and figures are presented in accompa‑
nying additional files.

Declarations

Ethics approval
Experimental infections with C. psittaci were approved by the Animal Experi‑
ment Commission of WBVR in accordance with Dutch regulation on animal 
experimentation in 2014 under registration number 2014065.a.

Competing interests
The authors declare that they have no competing interests.

Received: 30 August 2022   Accepted: 2 March 2023

References
 1. Zareba‑Marchewka K, Szymanska‑Czerwinska M, Niemczuk K (2020) 

Chlamydiae—what’s new? J Vet Res 64:461–467
 2. Sachse K, Laroucau K, Riege K, Wehner S, Dilcher M, Creasy HH, Wei‑

dmann M, Myers G, Vorimore F, Vicari N, Magnino S, Liebler‑Tenorio E, 
Ruettger A, Bavoil PM, Hufert FT, Rossello‑Mora R, Marz M (2014) Evidence 
for the existence of two new members of the family Chlamydiaceae and 
proposal of Chlamydia avium sp. nov. and Chlamydia gallinacea sp. nov. 
Syst Appl Microbiol 37:79–88

 3. Vorimore F, Hsia RC, Huot‑Creasy H, Bastian S, Deruyter L, Passet A, Sachse 
K, Bavoil P, Myers G, Laroucau K (2013) Isolation of a new Chlamydia spe‑
cies from the feral sacred ibis (Threskiornis aethiopicus): Chlamydia ibidis. 
PLoS ONE 8:e74823

 4. Cheong HC, Lee CYQ, Cheok YY, Tan GMY, Looi CY, Wong WF (2019) Chlamy-
diaceae: diseases in primary hosts and zoonosis. Microorganisms 7:146

 5. Kaleta EF, Taday EM (2003) Avian host range of Chlamydophila spp. based 
on isolation, antigen detection and serology. Avian Pathol 32:435–461

 6. Dickx V, Geens T, Deschuyffeleer T, Tyberghien L, Harkinezhad T, Beeck‑
man DS, Braeckman L, Vanrompay D (2010) Chlamydophila psittaci 
zoonotic risk assessment in a chicken and turkey slaughterhouse. J Clin 
Microbiol 48:3244–3250

 7. Harkinezhad T, Geens T, Vanrompay D (2009) Chlamydophila psittaci infec‑
tions in birds: a review with emphasis on zoonotic consequences. Vet 
Microbiol 135:68–77

 8. Vanrompay D (2020) Avian chlamydiosis. In: Swayne DE (ed) Diseases of 
poultry. Hoboken, Wiley Blackwell

 9. Guo W, Li J, Kaltenboeck B, Gong J, Fan W, Wang C (2016) Chlamydia galli-
nacea, not C. psittaci, is the endemic chlamydial species in chicken (Gallus 
gallus). Sci Rep 6:19638

 10. Heijne M, van der Goot JA, Fijten H, van der Giessen JW, Kuijt E, Maassen 
CBM, van Roon A, Wit B, Koets AP, Roest HIJ (2018) A cross sectional study 
on Dutch layer farms to investigate the prevalence and potential risk fac‑
tors for different Chlamydia species. PLoS One 13:e0190774

 11. Hulin V, Oger S, Vorimore F, Aaziz R, de Barbeyrac B, Berruchon J, Sachse K, 
Laroucau K (2015) Host preference and zoonotic potential of Chlamydia 
psittaci and C. gallinacea in poultry. Pathog Dis 73:1–11

 12. Laroucau K, Vorimore F, Aaziz R, Berndt A, Schubert E, Sachse K (2009) 
Isolation of a new chlamydial agent from infected domestic poultry coin‑
cided with cases of atypical pneumonia among slaughterhouse workers 
in France. Infect Genet Evol 9:1240–1247

 13. Schnee C, Vanrompay D, Laroucau K (2018) Avian chlamydiosis, manual 
of diagnostic tests and vaccines for terrestrial animals (OiE terrestrial 
manual). OiE World Organisation for Animal Health

 14. Verminnen K, Van Loock M, Hafez HM, Ducatelle R, Haesebrouck F, Van‑
rompay D (2006) Evaluation of a recombinant enzyme‑linked immuno‑
sorbent assay for detecting Chlamydophila psittaci antibodies in turkey 
sera. Vet Res 37:623–632

 15. Rahman KS, Chowdhury EU, Poudel A, Ruettger A, Sachse K, Kaltenboeck 
B (2015) Defining species‑specific immunodominant B cell epitopes for 
molecular serology of Chlamydia species. Clin Vaccine Immunol 22:539–552



Page 16 of 16van der Wal et al. Veterinary Research           (2023) 54:31 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 16. Rahman KS, Darville T, Russell AN, O’Connell CM, Wiesenfeld HC, Hillier SL, 
Chowdhury EU, Juan YC, Kaltenboeck B (2018) Discovery of human‑specific 
immunodominant Chlamydia trachomatis B cell epitopes. mSphere 
3:e00246‑18

 17. Sachse K, Rahman KS, Schnee C, Muller E, Peisker M, Schumacher T, 
Schubert E, Ruettger A, Kaltenboeck B, Ehricht R (2018) A novel synthetic 
peptide microarray assay detects Chlamydia species‑specific antibodies 
in animal and human sera. Sci Rep 8:4701

 18. Germeraad E, Achterberg R, Venema S, Post J, de Leeuw O, Koch G, van der 
Wal FJ, Beerens N (2019) The development of a multiplex serological assay 
for avian influenza based on Luminex technology. Methods 158:54–60

 19. van der Wal FJ, Jelsma T, Fijten H, Achterberg RP, Loeffen WLA (2016) Towards 
a peptide‑based suspension array for the detection of pestivirus antibodies in 
swine. J Virol Methods 235:15–20

 20. Jelsma T, van der Wal FJ, Fijten H, Dailly N, van Dijk E, Loeffen WL (2017) Pre‑
screening of crude peptides in a serological bead‑based suspension array. J 
Virol Methods 247:114–118

 21. Heijne M, van der Goot J, Buys H, Dinkla A, Roest HJ, van Keulen L, Koets A 
(2021) Pathogenicity of Chlamydia gallinacea in chickens after oral inoculation. 
Vet Microbiol 259:109166

 22. Heijne M, van der Goot J, Buys H, Dinkla A, Roest HJ, van Keulen L, Koets A (2021) 
Experimental Chlamydia gallinacea infection in chickens does not protect 
against a subsequent experimental Chlamydia psittaci infection. Vet Res 52:141

 23. Yin L, Kalmar ID, Lagae S, Vandendriessche S, Vanderhaeghen W, Butaye P, Cox 
E, Vanrompay D (2013) Emerging Chlamydia psittaci infections in the chicken 
industry and pathology of Chlamydia psittaci genotype B and D strains in 
specific pathogen free chickens. Vet Microbiol 162:740–749

 24. Heijne M, Jelocnik M, Umanets A, Brouwer MSM, Dinkla A, Harders F, van Keulen 
LJM, Roest HJ, Schaafsma F, Velkers FC, van der Goot JA, Pannekoek Y, Koets AP 
(2021) Genetic and phenotypic analysis of the pathogenic potential of two novel 
Chlamydia gallinacea strains compared to Chlamydia psittaci. Sci Rep 11:16516

 25. Angeloni S, Das S, Dunbar S, Stone V, Swift S (2018) xMAP cookbook,  4th edn. 
Luminex Corporation, Austin

 26. Hölzer M, Barf LM, Lamkiewicz K, Vorimore F, Lataretu M, Favaroni A, Schnee C, 
Laroucau K, Marz M, Sachse K (2020) Comparative genome analysis of 33 Chla-
mydia strains reveals characteristic features of Chlamydia Psittaci and closely 
related species. Pathogens 9:899

 27. de los Rios M, Criscitiello MF, Smider VV (2015) Structural and genetic diversity 
in antibody repertoires from diverse species. Curr Opin Struct Biol 33:27–41

 28. Kaufman J (2013) Antigen processing and presentation: evolution from a bird’s 
eye view. Mol Immunol 55:159–161

 29. Scanes CG (2020) Avian physiology: are birds simply feathered mammals? Front 
Physiol 11:542466

 30. Crowther JR (2009) Validation of diagnostic tests for infectious diseases. The 
ELISA guidebook. Humana Press, Totowa

 31. Rahman KS, Kaltenboeck B (2019) Multi‑peptide ELISAs overcome cross‑reactiv‑
ity and inadequate sensitivity of conventional Chlamydia pneumoniae serology. 
Sci Rep 9:15078

 32. Casson N, Entenza JM, Greub G (2007) Serological cross‑reactivity between 
different Chlamydia‑like organisms. J Clin Microbiol 45:234–236

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Proof of concept for multiplex detection of antibodies against Chlamydia species in chicken serum using a bead-based suspension array with peptides as antigens
	Abstract 
	Introduction
	Materials and methods
	Sera
	Antigens
	ELISA
	Bead sets with immobilized peptides
	Performing the suspension array
	Serum-specific cutoffs and normalization

	Results
	Sera from experimentally infected mice confirm species-specificity of peptide beads
	Sera from chickens exposed to C. psittaci react with peptide beads in a species-specific manner
	Sera from chickens infected with C. gallinacea react with peptide beads in a species-specific manner
	Field sera

	Discussion
	Anchor 17
	Acknowledgements
	References


